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ABSTRACT
When a metal target is bombarded with light ions some are implanted
and some are reflected from the surface or backscattered from deeper layers.
This results in an energy distribution of the backscattered particles which
reaches from zero to almost the primary energy. The number of the back-
scattered particles and their energy, angular, and charge distributions
depends largely on the energy and the ion target combination. For high
energies (i.e. >50 keV for protons) particles are backscattered in a single
collision governed by the Rutherford cross section. Protons and He-ions
with energies of 100 keV to several MeV are widely used for thin film
analysis. For lower energies multiple collisions and the screening of
the Coulomb potential have to be taken into account, which makes the theo-
retical treatment more difficult. This energy region is, however, of special
interest in the field of nuclear fusion research. Some recent results for
energies below 20 keV are discussed in some detail.
^Research sponsored by the U. S. Energy Research and Development Adminis-
tration under contract with the Union Carbide Corporation.
^Guest Scientist from the Max Planck Institut fur Plasmaphysik, D-8046
Garehing, West Germany.
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INTROOUCTION
When a beam of ions impinges onto a metal target, some of the ions are
implanted and some are reflected from the surface or backscattered from
deeper layers. The implanted atoms may diffuse to the surface and be re-
leased with thermal energies or they may be trapped inside the material,
e.g. at lattice defects. They also may cluster together and form gas bub-
bles inside the metal. The amount of trapping depends strongly on the
particular ion target combination, on the temperature, and on the bombard-
ment dose. This paper deals only with the particles which are kinetically
backscattered, and is restricted to light ions such as hydrogen and helium.
The particles which are backscattered give rise to an energy distri-
bution which extends from zero energy to almost the primary energy. A
typical example is given in Fig. 1, which shows the energy distribution for
15 keV protons backscattered from an Au target. The sharp threshold at high
energies is due to ions which are backscattered from the surface atoms of
the target. The position of this edge is determined by the kinematics of a
single scattering event. When a particle of mass Mi and an energy Ei is
scattered from an atom with mass M2 the energy after scattering is
E 2 - k2E,
where k - [Mi cos 0 + (M22 - Mi2 sin2 0)*]/(Mi + M2) 0 )
for Mi < M2 and 0 is the scattering angle in the laboratory system.
The backscattering intensity in Fig. 1 at lower energies results from
scattering events deeper in the solid. Along their passage through the
solid the particles lose energy in elastic nuclear collisions and quasi-
(1 2)
continuously by excitation of target electrons ' . Therefore, they
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appear outside the target with-all energies below the energy of the
particles backscattered from the-surface.
This paper is divided into three sections, with each treating a
certain range of primary energies. As will be shown these energy ranges
arise quite naturally from the different theoretical and experimental
treatments of the backscatterIng effect they-require.
For protons at energies above ~ 50 keV the scattering can be well
described by the single collision model ' . This model assumes that
the backscattering occurs in a single large angle-deflection from a
certain nuclear collision, which is describable by the Rutherford cross
section^ . The trajectories of the ions inside the material to the
scattering center and back to the surface are taken as straight lines.
Along their trajectories they lose energy by excitation of the target
electrons. This can be described by the differential energy loss dE/dx,
i.e. the energy loss per unit path length. This makes the theoretical
calculation of the energy spectra rather simple.
For this energy range the most convenient measuring method utilizes
surface barrier detectors. These give energy proportional signals which
are easily-analyzed in a multi-channel analyzer system. They are equally
sensitive to ions and neutral atoms.
At high energies, depending strongly on the ion target combination,
the validity of the Rutherford scattering law is limited by the occur-
rence of nuclear reactions and resonances. This area will be covered by
R. S. Blewer, this conference. A compilation of nuclear reaction data
may be found in Refs. 7 and 8.
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Protons and helium ions which are easily available from small accel-
erators with energies from » 100 keV to several NeV are widely used for
(q)
surface layer analysis and depth profiling .
At energies below « 50 keV the screening of the nuclear charge by
the outer electrons becomes more important. Thus the Coulomb potential
leading to the Rutherford cross section is no longer appropriate. More
complicated potentials which are derived from the Thomas-Fermi theory have
to be used . Also the validity of the single collision model breaks down.
With decreasing energy the cross section for nuclear collisions increases
and one has to account for multiple collisions of the backscattered parti-
cles. The theoretical treatment becomes much more complicated. An analyti-
cal form for the energy distributions can no longer be derived.
Also the experimental techniques must be modified. At energies below
* 20 keV surface barrier detectors are no longer suitable to give energy
information. Electrostatic or magnetic energy analyzers can be used, but
these are only sensitive to charged particles. Also, the charged fraction
of the backscattered particles decreases with decreasing energy^ °» n»' 2'
and the spectra of the neutral and charged components may be very dif-
ferent . Thus one needs a means to ionize the neutral backscattered
particles in a definite manner, if quantitative results are to be obtained.
Another method to overcome this difficulty is to use time of flight tech-
niques* , but these too require particle detectors with known sensitivity
for neutrals.
The range of primary energies 5 to 20 keV is of special interest for
fusion technology. For plasma experiments and later fusion reactors where
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the mean particle confinement times in the plasma are much shorter than
the desired burning times, an important role is played by the interaction
of the diffusing plasma particles with the first walls. Particularly
with respect to the question of recycling1 , it Is important to know
the-total number and angular, energy, and charge distributions of light
ions (H, D, T, He) backscattered from solid surfaces.
Below the primary energy of * 1 keV the experiments are extremely
difficult. Most of the backscattered particles are neutral and the ioni-
zatlon and detection methods currently in use break down at these low
energies. To my knowledge there are no experiments-in this energy range
dealing with the total number of backscattered particles. • Consequently,
one has to rely on computer simulations. The backseattering of primary
ions with energies below 1 keV are of particular interest for today's
plasma experiments.
If one investigates the backseattering from single crystals the results
are largely influenced by the crystal structure which-gives rise to chan-
neling and blocking effects. This offers a large variety of measuring
methods in depth profiling and lattice site determining. Recent reviews
are given in Refs. (15) and (16); the present review deals only with the
backseattering from amorphous or polycrystalline materials.
HIGH ENERGIES
The principle'of backscattering of ions with primary energies larger
than * 50 keV can be explained with the aid of Fig. 2. A particle of
Energy El enters a solid at an angle a to the surface normal. The tra-
jectory inside the solid is a straight line until it encounters a target
atom at a distance close enough to cause a large angle-deflection. The
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outgoing ion trajectory is again taken as a straight Una and it leaves
the surface at an angle 0 to the normal. (In the experiment a and 6 are
determined by the-primary beam direction and the position of the detector
with respect to the target,)
Along their paths through the sol id the particles lose-energy. For
light ions with energies above a -few keV -the energy loss is primarily due
to ion Ization and excitation of target electrons . One can describe
that by the differential energy loss dE/dx measured Ir. eV/A or MeV/iCmg/cm2),
Sometimes it is more convenient to use-the-stopping cross section or stop-
ping power e • l/N dE/dx - M2/(N^p) dE/dx, where N Is the number of
* o
target atoms per unit volume, N -Avogadro's number, p the density and M2
the mass number of the target atoms. Thus e is measured in eV cm2/atorn.
dE/dx (or e) is a function of energy. Today a number of stopping power
tables are available (18, 19, 20). These are semlempirical tables based
on experimental data which are inter- -and extrapolated using theoretical
functional dependences. As an example. Fig. 3 shows dE/dx curves for
H+ and He+ in Ni from the tables of NorthcHffe and Schilling*19*. A
review on the various energy loss mechanisms has recently been given by
Sigmund*21*.
With the scheme of Fig. 2 the energy of the outcoming particles E 2
can be related to the depth from which the backseattering occurs. Parti-
cles which are backscattered from the surface have lost energy only In
the elastic collision, i.e. E2 * k2Ei according to formula (1). For
-regions not too far from the surface the relation between depth x and
the observed energy E2 is:
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- E.(x) - ( ^ (f )
AE is the difference between the energies of particles backscattcred from
the surface and from a depth x, (dE/dx)_ and (dE/dx)_
 <re th€ differan-
E, E2
ttai energy losses for the mean energies along Incoming and outcoming
trajectories. For this formula It was assumed that dE/dx varies only
slightly along the trajectories of the particles. For the analysis of thick
layers the target can be divided into thin slices. For each slice tha
incident energy can be calculated using the dE/dx curve. In many labor-
atories, computer programs are used for this procedure.
When composite targets—compounds or mixtures—>ar« investigated, one
obtains an overlay of the spectra of each component. These are shifted
in energy relative to each other due to the dependence of k2 on the targat
atom mass number H2 (Formula 1). The stopping power for a compound is the
sum of the stopping powars of tha constituants weighted by tha relative
(22)
amounts with which they occur in the compound (Bragg's rule* ' ) . This
(21)
relation has been proved valid in a number of cases1 . For instance,
the stopping power in SiO2 is e.jQ. • es, + 2eQ. A rigorous treatment of
the analysis of targats whose composition varias with depth was givan by
Br.ce<2*>.
An example of these principles is presented in Fig. 4, which shows
the spectrum of 2 NeV He* ions back scattered from a film of Nb,Ge (a com-
(25)pound with high superconducting T j deposited on an Mz^s sukstrata .
The spectra of tha constituents of the film and of tha substrate are clearly
visible. The structure on top of the backscattering spectrum Indicates
that this film is not uniform. It is Ge rich near the surface. At the
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hlgh energy edge the slope of the spectrum is determined by the detector
resolution. At it\a interface between film and substrate the slope is
considerably less steep. This is due to straggling In the energy loss.
Energy straggling becomes increasingly important with increasing depth,
and it finally limits the resolution of backscattering spectrometry.
Energy straggling depends on the energy and on the Ion-target combinations.
It was treated theoretically in an early paper by Bohr and by Llndhard
et. al. . For an example of recent experimental determinations using
backscattertng techniques, see Ref. 26.
The backscattertng yield, i.e. the height H of the energy distribu-
tions (number of counts per channel) ts related to the number density of
atoms in a layer dx ratr the surface:
H - QoflNdx (3)
where <l fs the number of primary particles arriving on the target, 8 the
solid angle subtended by ?*** detector, N the number of target atoms per
unit volume, and o the cross section averaged over the solid angle
(o • I/ft /(doVdft)dft). It has been shown'" that for protons with energies
>50 keV the Rutherford cross section Is valid. In laboratory coordinates
this ls ( 2 7 ): do - 2 } | | * 2 . f(0)dB
f (0) - Mcos 0 + {l-({£ sin e)2}*] sin"* 0 {!-(&- sin ©)2J* (k)
where Zi, Zi and Mi, M2 are the nuclear charges and mass numbers of pro-
jectiles and target atoms, e the elementary charge, and 0 the scattering
angle. Using Formula (2), dx in Formula (3) can easily be related to an
energy interval dE2 (for Instance that corresponding to the width of a
channel in the multichannel analyzer), when it is assumed that dE/dx is
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constant for the energy interval under consideration. If the functional
energy dependence of the stopping cross section from energy is known, for-
mutae for the backseattering yield from thick targets can be derived* * *.
With these the stopping cross sections can be determined from the absolute
height of the energy distributions*28'30'31*.
if the particles are backscattered from a thin film of thickness t, the
sum of the counts in all channels containing counts due to particles back-
scattered from this film is:
/H(Ea)dE2 « QpflNt (5)
This Is independent of the stopping power. Thus the number of target atoms
per unit art*, Nt, can be determined directly.
As an example in Pig. 5 the backseattering of 150 keV protons from a
Nb film on a Be substrate is shown" '. This film was sputtered by 5 keV
deut«rons. From the decrease of the number of backscattered particles
after sputtering the sputtering yield could be determined.
BackseatterIng is a very unlikely process in this energy range. To
illustrate this let us assume a 1 ym thick Nl foil which Is bombarded by
1 MeV protons. A detector of 1 cm diameter In a distance of 10 cm from
the target at 0 • 135* counts only 1.1 x 10~7 particles per Incident Ion.
Nevertheless this is a very useful and nondestructive method for surface
analysis. In some cases surface Impurities of less than 1G~H monolayers
have been detected* .
MEDIUM ENERGIES
As mentioned already in the introduction, surface barrier detectors
mre no longer suitable to measure particle energies below 20 keV. It is
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straightforward tn this energy range to use electrostatic or magnetic
spectrometers. These *rt, naturally, only sensitive to charged particles.
Ik 34-37)
There mre several papers * ** which report on measured energy distri-
butions of the charged component of the backscattered particles. Host of
the backscattered particles are, however, neutral at energies below 40 keV
(for hydrogen)" ' * . A comparison with the theoretical values is
only possible if the total number of backscattered particles Is known
since the theory of the charged fraction is not yet well developed. There-
fore, a direct measurement of the neutrals seemed to be desirable. Buck
et. al. successfully performed time of flight measurements for He in
the energy range of 6 to 32 keV.
Another method, which we have used at the IPP In Garching, is to
Ionize the neutral particles by stripping tn a gas cell ' '. The
principle is explained by Fig. 6. A magnetically selected ion beam
impinged onto the target, which could be rotated such that the entrance
and exit angles a and 0 could be varied. A scattered beam intensity
corresponding to a scattering angle of 6 • 135° was selected. With
deflection plates the charged component could be removed from the beam,
in the stripping cell, which was filled with 2 x 10"*Toirr ;Na, ia part
(known from a previous calibration) of the neutrals was ionized and
energy analyzed in a 90° electrostatic spectrometer which utilized a
channeltron multiplier detector.
Representative measurements of the energy distributions of positively
charged and neutral particles backscattered at 0 • 135° from a Ta target
bombarded with 18.5 keV protons are shown in Fig. 7. The charged frac-
tion Q. « N /N +N°, i.e. the number of positively charged to the number of
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neutrals plus positives, decreases from z hO% at 20 keV to ~ 10% at 2
keV. Both the neutral and the charged spectra show distinct maxima at
low energies. It is also seen that besides their relative height, the
shapes of the two spectra are rather different. Consequently, a deriva-
tion of the neutral spectrum from the charged Is not easily accomplished.
The shapes of the backscattering spectra depend only slightly on the
target material. For decreasing primary energy the maximum is more pro-
nounced, but the charged fraction depends only on the exit energy. The
charged fraction decreases slightly with increasing angle of emergence
6 . At low energies negative particles were also observed . in
this case the negative fraction is small, but especially with target
materials with low work function, the negative fraction may be much
larger than the positive.
in a separate experiment an electrostatic analyzer was used, which
could be swivelled around the target in order to determine the angular
distribution of the particles backscattered when a proton beam is im-; ;
(•tq)
pinging normal onto a Nb target" . With this instrumentation only the
charged component (including positive and negative ions) could be mea-
sured. For protons on Nb it was possible to determine the total number
of backscattered particles using the charged fraction measured previously
(11)
It is shown in Ref. 39 that the angular distribution of all back-
scattered particles Ts very close to a cosine distribution for pHmary
proton energies from k to 15 keV. Only the ions scattered with the
highest energies are preferrential scattered into smaller scattering
angles. These contribute, however, only very little to the total back-
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scatterlng intensity. Two examples of energy distributions of all par-
ticles backscattered into the whole half-space are shown in Fig. 8. Both
spectra with primary energies E; « 10.22 keV and £t * 4.16 keV (measured
with 8.32 keV H2+ ions) show a distinct maximum at z 1 keV. This is due
to the fact that the scattering cross section increases as the ions lose
energy in the solid. Below the maximum the probability of multiple scat-
tering and removal from the beam exceeds the probability of backscattering
events. By integration of the spectra in Fig. 8 over all energies the
reflection coefficient R, i.e. the number of backscattered to incoming
particles, can be determined. In Fig. 9 our results on the backscattering
coefficients are shown together with theoretical and experimental values
from other authors. R increases rapidly as the primary energy is lowered,
in the theoretical work of Weissmann and Sigmund and of B$ttiger
and Winterbon' the slowing down of the protons in an amorphous solid
of infinite extent is calculated by means of the Boltzmann transport
equation. This model assumes that the atoms start from a plane in the
solid. All atoms which finally come to rest behind this plane are con-
(41)
sidered to be backscattered. B<f>ttiger and Winterbon also include a
(42)
surface correction. The values of J. E. Robinsonv , 0. S. Qen and M.
T. Robinson1 *' as well as the value for Mo by tshitani, et.. al_. ' were
obtained by computer simulation. These simulations also assume amorphous
materials.
The fact that the experimental results are considerably lower than
those from the calculations can probably be attributed to two main dif-
ferences: (I) the Nb target had rather large crystal grains. Thus the
backscattering was more from individual single crystals than from amor-
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phous material. This leads to larger penetration depths and hence less
backscatterfng. For Ex * 10 keV, 0enx JI also simulated a polycrystalline
target and obtained a backscattering coefficient, which is much smaller
than the value for amorphous material. (2) The Nb was very likely covered
with an oxide layer which also reduces the backscattering.
tuc)
In Fig. 9 recent experimental results of Sidenius measured on
Au are included. (To compare the values for Au with those for Nb they
were plotted at reduced energies- • e - E • a M2/[(M,+M2)ZjZ2e2], where
a - 0.468 (Zj + Z 2*)"* A* is the screening length of the interaction
potential.) Sidenius had his target mounted inside a proportional counter
so that all the backscattered particles were absorbed and created pulses
proportional to their energy. These results are close to the theoretical
values. An oxide layer cannot be expected in the case of Au, which indi-
cates again the influence of such a layer on our results.
Recently B<J>t tiger and Rud ' determined the trapping coefficient
of He3 in Au using a nuclear reaction. When no gas is released thermally,
the sum of the trapping and reflection coefficients is unity. The values
obtained by this method are also in good agreement with theory.
The knowledge of reflection coefficients as well as energy and angular
distributions is very important for plasma experiments. Therefore, more
experiments are necessary. Another important number in this context is
the energy reflection coefficient Y» i.e. the total energy carried away
by the backscattered particles related to the incoming energy. It is
Y • R^/Ej, where E* is the mean energy of all reflected particles. 1* cart
be determined from the spectra as in Fig. 8. The energy reflection co-
efficient Y was recently directly measured by a Danish group using
-In-
different calorimetic methods. They find good agreement with the com-
puter simulation of 0. S. Oen and N. T. Robinson .
I LOW ENERGIES
At very low energies the fraction of the backscattered particles
which are charged becomes very small. At energies below » 200 eV, the
ionizatlon method by stripping in a gas cell breaks down and because
the cross sections for electron loss are small compared to those for
scattering in the gas and the latter effect distorts energy and angular
distributions. In the energy range above several tens of eV the ioniza-
tion by electron impact is also impossible since the required electron
densities cannot be achieved. The detection methods for neutrals also
break down. All currently used methods for detecting neutrals depend on
the creation of secondary electrons. At energies where the potential
emission of ions dominates the kinetic emission (< 200 eV) there is no :
longer any emission of secondary electrons by neutrals. Because of the
lack of detectors also the time of flight methods are then no longer
usable at these low energies.
Therefore, one has to rely on the results of computer simulations.
These are, in turn, especially suitable for low energies since it is easy
to obtain sufficient statistics without too much computer time. Energy
and angular distributions for protons scattered from Cu obtained recently
by 0. S. Oen and M. T. Robinson are shown in Fig. 10. The energy
distribution with a primary energy of 5 keV shows a maximum at * 1 keV
which agrees with the experimental observations. At a primary energy of
100 eV the spectrum is sharply peaked at high energies corresponding to
-15-
backscattering from the surface. The angular distributions show remark-
able deviations from a cosine distribution, which would give the dotted
lines. The backscattered intensity is peaked in the entrance direction
which was normal to the surface. At grazing incidence the authors found
reflection coefficients close to 1 with the intensity highly peaked in
the direction of specular reflectance.
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FIGURE CAPTIONS
Ftg. I. Energy distribution of hydrogen atoms backscattered from Au
which is bombarded by 15 keV protons.
Fig. 2. Principle of the backscattering of light ions from a solid.
Fig. 3. Differential energy loss for H and He ions in Ni from Ref. 19.
Fig. 4. Backscattering spectrum of 2 HeV He from a Nb,Ge ft 1m on an "
A120$ substrate*25*.
Fig. 5. Energy distributions of protons backscattered at an angle of
9 - 135* from a 600 A Nb film on a Be substrate before and
after sputtering with 5 keV D + ions*32*.
Fig. 6. Experimental setup for the detectton of neutral backscattered
particles.
Fig. 7. Energy distributions of neutral and positively charged hydro-
gen ttom* backscattered from Ta bombarded with 18.5 keV protons.
The charged fraction N V N W is given by dots.
Fig. 8. Energy distributions of all particles backscattered Into 2ir
solid angle when a Nb target Is bombarded with 10.22 keV H x +
and 8.32 keV H2* lens.
Fig. 9. Experimental and theoretical reflection coefficients for
hydrogen as a function of the primary energy.
Fig* 10. Energy (left) and angular (right) distributions of hydrogen
atoms backscattered from Cu bombarded with 100 eV and 5000 eV
protons, (Computer simulation by Oen and Robinson -'.)
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